Sesame oil cake Solid-state fermentation
Introduction
Oil cakes (OCs) are agro-industrial by-products obtained after oil extraction from seeds (Ramachandran et al., 2007) . Their composition varies depending in their variety, growing conditions and extraction methods and can be classified as edible or non-edible oil cakes (Singhania et al., 2008) . The main application of OCs is as animal feed due to their high protein content. They have been used as feed in poultry, fish and swine industry (Singhania et al., 2008) . However, several OCs have low protein content and are considered non-edible oil cakes. Thus, OCs can be used in other applications, such as the production of antibiotics and biopesticides (Kota and Sridhar, 1999; Sircar et al., 1998 ) and other biochemicals (Ohtsuki et al., 2003) , in the production of mushrooms (Bano et al., 1993) , as a bio-control agent (Khan and Saxena, 1997) , have been used in SSF applications among which Aspergillus species have been reported as very efficient for different enzymes production (Serra et al., 2006) . Aspergillus ibericus is a fungus isolated from wine grapes from Portugal and Spain. It was identified as a new species from section Nigri and does not produce mycotoxins (Serra et al., 2006) . Previous studies reported its ability to produce lignocellulosic enzymes, such as cellulases, xylanases and feruloyl esterases (Salgado et al., 2014a) , and also, to produce lipase by SmF using olive mill wastewater (Abrunhosa et al., 2013) , and by SSF using olive pomace (Oliveira et al., 2016 (Oliveira et al., , 2015a Salgado et al., 2014b) . Similarly to the agro-industrial residues from olive oil industry, OCs presents residual content of lipids which can be applied for lipase production by SSF, since induces lipase synthesis (Edwinoliver et al., 2010; Gombert et al., 1999; Kamini et al., 1998; Mala et al., 2007) .
Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are efficient biocatalysts in esterification, interesterification and transesterification reactions in non-aqueous media (organic solvents and supercritical fluids). In addition, they catalyze alcoholysis, acidolysis and aminolysis reactions, as well as hydrolyze organic carbonates (Joseph et al., 2008; Salihu et al., 2012) . For this reason lipases are widely used in industry, with applications in industry of food, fine chemicals, detergent, waste water treatment, cosmetics, pharmaceuticals, leather processing and in biomedical assays (Salihu et al., 2012) . Lipases also can be applied in the field of bioenergy, especially in biodiesel production (Salihu et al., 2012) . The last decade, increasing attention has been paid to the agroindustrial residues processing by SSF to obtain lipases with different applications (Couto and Sanromán, 2005) , such as in the production of aroma esters, in a solvent-free system, which is of much commercial interest with the increasing demand of consumers for natural products (Ben Salah et al., 2007) . Also, considering the scaling-up process, enzymatic esterification in a solvent-free system presents advantages, such as savings in reactor design for large-scale process and reduction in separation costs by avoiding solvent recovery costs (Bezbradica et al., 2007) .
The aim of this work was to screen OCs from Brazil to optimize lipase production by A. ibericus MUM 03.49, and to study the effect of OCs composition on lipase production. The lipase produced was used in hydrolysis reactions to measure its activity in different substrates, triacylglycerols (TAGs) and olive oil; and also it was applied in enzymatic esterification reactions, in a solvent-free system, for the production of aroma esters.
Material and methods

Biological material
A. ibericus MUM 03.49 (MUM culture collection, Braga, Portugal) was used. It was revived on malt extract agar (MEA) plates (2% (w/v) malt extract, 2% (w/v) glucose, 0.1% (w/v) peptone and 2% (w/v) agar) from a frozen glycerol stock. A spore suspension was prepared by adding peptone solution (0.1% (w/v) peptone and 0.01% (w/v) Tween 80) to seven-day-grown culture plates at 30 • C. The spore concentration of the suspension was adjusted to 10 7 spores/mL.
OCs used as substrates
Several different oil cakes (OCs) were used. They were collected during the season 2013/2014 and were obtained from different suppliers, such as: Andiroba oil cake (AOC) and cupuassu oil cake (CuOC) obtained from Beraca Ingredientes Naturais S.A. (São Paulo); canola oil cake (CaOC), macauba oil cake (MOC), palm kernel oil cake (PKOC) and soybean meal (SBM) from CENPES/PETROBRAS (Rio de Janeiro); crambe oil cake (CrOC), green coffee oil cake (GCOC) and sesame oil cake (SOC) from CRODA do Brasil, S.A. (Campinas-São Paulo). OCs were ground and sieved to provide a particle size ≤ 1.19 mm. 
(T-test).
Oil cakes
Lipase activ- The characteristics of the substrates were determined according to the literature (AOAC, 1995; IAL, 2005; Mendez et al., 1985; Van Soest, 1963) . MC was determined by drying the oil cake at 105 • C, ash by incineration of samples at 500-550 • C, and lipids content by Soxhlet method (AOAC, 1995; IAL, 2005) . Protein content was determined by Micro-Kjeldahl method, using a factor of 6.25 to convert N to protein (AOAC, 1995) . Carbohydrates nifext were determined by the subtraction of a hundred to the sum of MC, ash, lipids, protein and insoluble fiber, according to the legislation RCD 360/2003; and thus insoluble fiber content was not considered for the carbohydrates content. The determination of hemicellulose, cellulose and lignin was performed by determination of acid detergent fiber (ADF) and neutral detergent fiber (NDF) measurements, after extraction with acid detergent and neutral detergent, according to the procedures described by Van Soest (1963) and Mendez et al. (1985) , respectively, using a six-plate setup for Dosi-fiber extraction (Tecnal). Lignin and cellulose was determined by using hydrolysis solution, according to Van Soest (1963) , cellulose was determined by subtraction of lignin to ADF; and hemicellulose was determined by the subtraction of ADF (sum of cellulose and lignin) to NDF (sum of cellulose, hemicellulose and lignin). The analyses were performed in triplicate.
SSF of OCs for lipase production
SSFs were carried out using cotton-plugged 250 mL Erlenmeyer flasks containing 15 g of dry solid substrate. The MC was adjusted to 60% (wet basis) by adding distilled water. Flasks were autoclaved at 121 • C for 15 min, cooled and inoculated with 0.5 mL of 10 7 spores/mL of spore suspension. Flasks were incubated at 30 • C for 7 days. All fermentations were performed in duplicated flasks.
SSF with combination of OCs
Mixtures of the best OCs selected were used in SSF. PKOC was combined in a ratio of 1:1 (w/w) with CrOC and SOC. Fermentations were carried out using 7.5 g of each OC mixed with 7.5 g of PKOC, with the MC adjusted to 60%, keeping other conditions as previously described.
Influence of substrate ratio and MC on lipase production
The best mixture of OCs identified was further explored using an experimental design for optimization of lipase production. The program Statistica 7 software (StatSoft, Tulsa, USA) was used to plan and analyze a central composite design, with two factors and two levels with additional star points. MC ranged from 50% to 70%, and the ratio of PKOC (RPKOC) in the substrate mixture (PKOC and SOC), expressed as g of PKOC per g of total substrate, ranged from 0.25 to 0.75 g/g of total substrate. The central point was performed in triplicate.
The relationship between the dependent (lipase activity) and independent (MC and RPKOC) variables was established by the polynomial equation, as follows:
where y is the predicted response, x 1 and x 2 are independent variables, a 0 is the model constant, a 1 and a 2 are linear coefficients, a 11 and a 22 are the quadratic coefficients and a 12 is the interaction coefficient. The statistical analysis was performed by Statistica 7 software and the maximum lipase activity was determined by the Solver tool of Microsoft Excel 2010.
Supplementation with nitrogen source
SSF were performed with addition of NH 4 Cl, in order to supplement the substrates with a nitrogen source. Concentrations of NH 4 Cl ranged from 0% to 5% (w/w) of NH 4 Cl mass per dry mass of solid OC.
Time course profile of lipase production
Finally, a time course profile of lipase production and productivity was performed using the optimum SSF conditions determined in the optimization experiment. Flasks were prepared as described before and destructively sampled each 2 days over a period of 20 days.
Enzyme extraction and determination
At the end of the incubation period, enzymes were extracted by adding 112.5 mL of 1% (w/v) Triton X-100 (7.5 mL/g dry solid substrate) to the fermented substrates and mixed at 250 rpm and 25 • C for 30 min. Mixtures were then centrifuged (12000 × g for 10 min at 4 • C) and filtered using Whatman No. 1 filter paper. The resulting enzymatic extracts were immediately used for lipase and protease determination. Lipase activity was determined by a spectrophotometric method, using a reaction mixture composed of 5 L of sample and 300 L of 2 mM p-nitrophenyl butyrate in potassium phosphate 50 mM at pH 7.0. The absorbance was measured at 405 nm after reaction during 15 min at 37 • C. One unit of lipase activity (U) was expressed as the amount of enzyme that produced 1 mol of p-nitrophenol per minute, under the assay conditions. The analyses were performed in triplicate. Lipase activity obtained was expressed as units per gram of dry solid substrate (U/g).
Protease was determined according to the method of Charney and Tomarelli (1947) , using azocasein as the substrate. One unit of protease activity (U) was expressed as an increase in absorbance of 0.01 in relation to the blank per minute, under the assay conditions. The analyses were performed in duplicate. Protease activity was expressed as units per gram of dry solid substrate (U/g).
Lipase activity in different substrates and application in esterification reactions
Lipolytic activity in different substrates
Lipase produced was determined in several substrates. Olive oil and synthetic triacylglycerols (TAGs) such as glyceryl tribu- tyrate (C4:0), glyceryl trioctanoate (C8:0), glyceryl tridecanoate (C10:0), glyceryl tripalmitate (C12:0) and glyceryl triesterate (C18:0) in 0.01 M potassium phosphate buffer pH 7.0 were used. The hydrolysis reaction occurred at 37 • C for 20 min, at which time it was interrupted by the addition of 1:1 (v/v) acetone:ethanol mixture (1:1 v/v). Lipolytic activity was determined by titration of free fatty acids (FFAs) released with a pH-stat (916 Ti-Touch-Metrohm) using 0.04 M NaOH up to a final pH of 11, according to the methods of Freire et al. (1997) for olive oil, and Gutarra et al. (2009) for the synthetic TAGs. One unit of lipase activity (U) was expressed as the amount of enzyme which released 1 mol of FFAs per minute, under the assay conditions. The analyses were performed in duplicate. Lipase activity obtained was expressed as units per gram of dry solid substrate (U/g).
Esterification reactions catalyzed by lipase
Esterification reactions were performed using different organic acids and alcohols. The mixture used was a 1:1 molar ratio of organic acid to alcohol in a total volume of 5 mL. Lipase used was obtained from a 7 day SSF conducted under optimum conditions, with the fermented substrate containing the lipase simply being lyophilized. Reactions occurred in 15 mL falcon tubes with a 5 mL mixture of organic acid and alcohol in a 1:1 molar ratio, and 20% (w/v) of biocatalyst was added to the mixture. The Falcon tubes were incubated in a shaker at 200 rpm and 37 • C for 24 h, at which time 5 mL of 1:1 (v/v) acetone with absolute ethanol was added. Conversion (%) of the organic acid to ester was determined by titration of the remaining organic acid with 0.1 M NaOH until a pH equal to the pK a of the organic acid used. Esterification reactions were performed in duplicate. Initially, different organic acids and alcohols were used. Combinations of lactic acid, butyric acid, propionic acid, hexanoic acid and decanoic acid with butanol were tested. Also, combinations of butyric acid with isobutanol, amyl alcohol, benzyl alcohol and menthol were tested.
Since decanoic acid with butanol presented the highest conversion (100%), this combination was used in further studies. The minimum lipase concentration needed to achieve 100% of conversion in 24 h was determined. For that, 20% (w/v), 10%, 5% and 1% of biocatalyst was used.
Using 10% (w/v) of biocatalyst, a time course profile of conversion over reaction time was obtained.
Finally, the effect of adding a buffer to the biocatalyst, in esterification reaction was studied. For that, a low amount of lyophilized biocatalyst, 5% (w/v), was added to Eppendorf tubes and ressuspended in 1 mL of Britton Robinson universal buffer (0.04 M H 3 BO 3 , 0.04 M H 3 PO 4 , 0.04 M CH 3 COOH and 0.2 M NaOH) at pH values of 5-9, and lyophilized again. The performance of this biocatalyst was subsequently analyzed in the reaction of decanoic acid with butanol.
Statistical treatment
Principal components analyses (PCA) were conducted with Statgraphics Plus 5.1 (Manusgistics, Inc., Rockville, MD) to determine how the variation in the composition of the residues affected enzymes production. SSF data obtained were statistically analysed using SPSS (IBM SPSS Statistics, Version 22.0. Armonk, NY: IBM Corp.) to study the effect of the variables on lipase production and on the conversion obtained in esterification reactions. Data were tested for homogeneity, submitted to one-way analysis of variance (ANOVA) and a pair-wise multiple comparison procedure (Tukey test) at a confidence level of 95%.
3.
Results and discussion
Characterization of residues and evaluation of their effect on enzymes production
The characterization of OCs and SBM are shown in Table 1 bohydrates, and other compounds, were found between the different OCs used. These residues were used for SSF to produce lipase by A. ibericus. Lipase and protease produced after 7 days of SSF were significantly dependent (p < 0.0001) on the OCs used (Table 1) . SSF using PKOC presented higher lipase production following by SOC, but protease was not detected for PKOC, whereas for SOC a significant production was obtained.
In order to observe the relationship of residue components and enzyme production, PCA was performed involving the components of OCs that can affect the production of enzymes (ashes, proteins, cellulose, hemicellulose, lignin, carbohydrates, lipids): lipase and protease. This descriptive statistic tool allows grouping the original variables into fewer variables (principal components) that were used to carry out the representation. In this way, PCA allows to observe the main differences between the 9 agro-industrial wastes and their effect on lipase and protease production.
The 3 first principal components (PC) contained 87% of the total variation in results, indicating the close interrelation among OCs characteristics and enzymes production. The first principal component (PC1) described 48% of the original variance, the second principal component (PC2) explained 23% and the third principal component (PC3) explained 16% of the variation. Fig. 1 shows the biplot representation of variables and scores of OCs and SBM on the plane defined by PC1 and PC2. PC1 is well correlated positively with cellulose, lignin, hemicellulose and negatively with ashes, proteins and protease activity. This PC1 grouped the residues with a lignocellulosic nature, such as PKOC, GCOC, MOC and AOC, on the right side. In addition, PC1 grouped the residues with high protein content, such as SBM and SOC, on the left side. Thus, the residues with higher fibers content showed a lower protein content. Protease was correlated with the concentration of protein in OCs (Fig. 1) . Since PKOC presents lower protein content, protease activity obtained was null, thus, in this substrate, the lipases formed are not degraded by proteases.
PC2 correlated well positively with lipase activity and negatively with carbohydrates. The OCs that achieved maximum lipase activity were PKOC and SOC that can be observed at the top of Fig. 1 . The negative effect of carbohydrates on lipase production was clear. The inhibitory effect of carbohydrates on lipase production was also observed by Arora et al. (2015) . The presence of carbohydrates can induce the production of other enzymes as exoglucanases (Hanif et al., 2004) and limit the production of lipases. In addition, glucose presents a repressing effect on lipase production (Dalmau et al., 2000) . The lipids content had a lower weigh on PC2 showing a positive effect on lipase production. Some authors concluded that oil content increases lipase production (Gombert et al., 1999) , as observed using SOC. However, the maximum lipase production was achieved by PKOC which has lower lipid content than other OCs, such as SOC. High lipids content above certain limits could inhibit the lipase production. In this sense, Damaso et al. (2008) observed a reduction of lipase production by Aspergillus niger with increasing olive oil addition to wheat bran, and at 12% of olive oil lipase activity was no longer detected. Chen et al. (1998) observed a cell lysis in Acinetobacter radioresistens at high concentrations of olive oil that reduced the lipase production.
CaOC (Brassica napus) and CrOC (Crambe abyssinica) are together in the left side of the plot (Fig. 1) . These residues are generated after oil extraction from seed plants that are members of the same plant family (Brassicaceae), thus they have a similar composition. The same effect was observed between MOC and AOC. Both residues are obtained from seed oil extraction from Brazilian trees Carapa guianensis (Andiroba) and Acrocomia aculeata (Macaúba). The SBM is an outlier of the figure, insomuch as it is a substrate different to OCs, containing vestigial residual oil, high protein content and not being of lignocellulosic nature.
Study of synergic effect of OCs on lipase production
After screening OCs for lipase production by SSF, the residues that achieved a higher production were mixed to improve lipase activity. Mixtures of PKOC with two OCs, CrOC and SOC, were performed. Combinations of two OCs influenced significantly (p < 0.01) lipase production, where the use of PKOC + SOC led to a maximum production of 328 ± 6 U/g, corresponding to a 2.6-fold increase, compared to the value obtained on PKOC alone. Also, the mixture PKOC + CrOC presented improved yields, reaching 272 ± 23 U/g. The mixture of residues is attractive for the growth of microorganisms on SSF, since each residue may act differently as support matrix, nutrient source and as inducer for the production of enzymes (Edwinoliver et al., 2010) . As can be observed, PKOC + SOC combination produced a synergic effect and improved lipase production. This effect may be due to an increase in the relative percentage of C18:n fatty acids (Lakshmi et al., 1999) . Palm kernel oil has a low content of C18:n fatty acids, while sesame oil has a higher content in C18:n fatty acids (Ribeiro et al., 2016) . Also, the mixture of both substrates may be supplemented and diluted by each other with the protein, ashes and lipids content from SOC and, with the hemicellulose from PKOC, improving the lipase production. Using the best combination of OCs, an optimization study of MC and composition of PKOC and SOC in the substrate (RPKOC) mixture was performed to improve lipase yields. A central composite design was used and results are presented in Table 2 . Lipase production was significantly affected (p < 0.05) by MC and RPKOC (Fig. 2a) . In fact, high or low levels of MC would significantly affect the biosynthesis of the enzymes (Sun and Xu, 2008) . Low MC levels reduce the solubility of nutrients contained in solid substrate (Mahadik et al., 2002; Pandey, 2003; Sun and Xu, 2008) , resulting in hampered microbial growth (Pandey, 2003; Singhania et al., 2009) . High MC levels decrease substrate porosity, reduce gas volume and exchange, leading to oxygen diffusion limitation in the substrate layer (Edwinoliver et al., 2010; Hamidi-Esfahani et al., 2004; Singhania et al., 2009; Sun and Xu, 2008) and the microbial growth decreases (Hamidi-Esfahani et al., 2004) .
A polynomial equation, with the moisture content (MC) and the palm kernel oil cake ratio (RPKOC) as its independent variables, was fitted to experimental values of lipase activity (LA), as follows: The analysis of variance indicated a satisfactory fitting of the equation to the experimental data, presenting a coefficient of determination (R 2 ) of 0.932. The variation of LA with MC and RPKOC was represented as response surface plot, using Statistica software (Fig. 2b) . To set optimum SSF conditions, the Solver tool of Excel was used to maximize lipase production as given by Eq. (2). A MC of 0.57 (57%) and a RPKOC of 0.45 g/g were obtained, predicting a lipase production of 360 U/g. Optimal conditions found were similar to MC and RPKOC used in previous experiments, leading to 10% improvement of lipase production. The result of optimum MC achieved was also similar to that found by Oliveira et al. (2016) using A. ibericus to produce lipase by SSF of olive pomace with wheat bran.
For certain substrates, the supplementation with a nitrogen source may be need to enhance lipase production, thus the effect of NH 4 Cl supplementation was studied. Increasing the NH 4 Cl level from 0 to 1% did not affect lipase production significantly (Tukey test), in spite of the 22% increase obtained at 1% (Fig. 3) . Thus, in further experiments 1% NH 4 Cl was added to the substrates for SSF. At higher levels of NH 4 Cl (above 3%), the production was reduced (statistically significant), due to the possible inhibitory effect of NH 4 Cl, as observed for other nitrogen sources by Imandi et al. (2013) and Oliveira et al. (2015a) , using urea and (NH 4 ) 2 SO 4 , respectively.
Finally, a time course profile of lipase production and its productivity was performed (Fig. 4) . After 6 days, a lipase production of 460 ± 38 U/g was obtained, and it was increasing till 20 days of fermentation, yielding 578 ± 20 U/g (Fig. 4a) . However, maximum productivity was obtained on the 6th day (3.2 ± 0.3 U/(g h)). Contrary to lipase, protease activity reached its maximum of 45 ± 1 U/g on the 6th day and decreased to 28 ± 3 U/g, after 20 days of fermentation (Fig. 4b) .
The time course profiles of lipase and productivity were similar to the obtained by Oliveira et al. (2015a) , using A. ibericus on olive pomace with wheat bran. However, some authors found maximum lipase and productivity in a shorter time period, performing SSF at Erlenmeyer flasks level. Kamini et al. (1998) found a maximum lipase on the 3rd day, achieving 364 U/g and productivity of 5.1 U/(g h) of A. niger lipase by SSF of gingelly oil cake. Similarly, Mala et al. (2007) obtained a maximum lipase on the 3rd day, achieving 384 U/g and productivity of 5.3 U/(g h) of A. niger lipase by SSF of gingelly oil cake mixed with wheat bran, observing an increment with the mixture of substrates. Edwinoliver et al. (2010) observed that SSF combining three substrates, wheat rawa, coconut oil cake and wheat bran, led to maximum production of 629 U/g on the 4th day, and a productivity of 6.6 U/(g h). Mahadik et al. (2002) obtained up to 300 U/g on the 5th day and a productivity up to 2.5 U/(g h), using A. niger by SSF of wheat bran.
This work presents an interesting study of the influence of OCs composition on lipase production, and showed the great importance of performing SSF using two selected OCs based on its composition, at optimum MC to improve lipase production, in agreement with the literature (Pandey, 2003; Pandey et al., 2000; Singhania et al., 2009 ) and previous work (Oliveira et al., 2016 (Oliveira et al., , 2015a . In addition, the use of PKOC with SOC doubled A. ibericus lipase production, comparing to the obtained lipase using olive pomace with wheat bran (Oliveira et al., 2015a,b) .
4.2.
Lipase activity in different substrates and application in esterification reactions
Lipolytic activity tested in different substrates
The lipase produced at optimum SSF conditions was applied in hydrolysis reactions with different substrates. Fig. 5 presents results of lipase activity as affected by the TAGs used. Lipase was able to hydrolyze all TAGs used, presenting maximum activity on C4:0 and C8:0, reaching 58 ± 2 U/g and 61 ± 3 U/g, respectively. A. ibericus lipase showed higher activity for short- chain than for long-chain fatty acid esters, revealing high esterase activity (<8 carbon atoms of chain fatty acid). An intermediate lipase activity (40 ± 1 U/g) was observed using olive oil as substrate (Fig. 5) . Olive oil is a mixture of TAGs with long-chain fatty acids (>95%): around 72% oleic acid (18:1), 14% palmitic acid (16:0), 9% linoleic acid (18:2) and 3% stearic acid (18:0) (Kamal-Eldin and Andersson, 1997), evidencing activity of the lipase for natural long-chain fatty acids, as it was produced in SSF of substrates containing a relatively high percentage of C18:n fatty acids, mainly from SOC. Lipolytic activity for synthetic C16:0 and C18:0 was very low. Similarly, Gutarra et al. (2009) found higher lipolytic activities for C8:0 and C10:0, intermediate activities for olive oil and C16:0, and very low for C4:0 and C18:0, using Penicillium simplicissimum in SSF of babassu cake. These results of lipase activity obtained by titrimetric method using TAGs as substrates were significantly lower than that obtained by the spectrophotometric method using p-nitrophenyl butyrate.
Esterification reactions catalyzed by lipase
Lipase with high stability in organic solvents may allow its use in esterification reactions (Gilham and Lehner, 2005) . Strategies to improve kinetics and yields of esterification reactions catalyzed by lipases may be achieved (Villeneuve, 2007) . The optimization of reaction conditions such as substrate used, enzyme load, reaction time and buffering may increase the lipase-catalyzed production of aroma esters. Table 3 presents Conversion (%)
Log P of the reacti on mixture the conversion of organic acids to esters in the esterification reaction combining different organic acids and alcohols. Maximum conversion (100%) was observed for the combination of decanoic acid with butanol, leading to the production of butyl decanoate aroma ester. Also, butyric acid with menthol presented high conversion (93 ± 11%). The polarity of the reaction mixture may affect lipase activity. Substrates with high polarity may inhibit enzyme activity (Sun et al., 2013) , by damaging the water micro-layer in a vicinity of the lipase, which is necessary to keep the enzyme in its active conformation (Ben Salah et al., 2007; Bezbradica et al., 2007) . The lower conversions using lactic acid, butyric acid and propionic acid were due to the high polarity of these substrates (Table 4) . On the contrary, using decanoic acid with butanol and butyric acid with menthol, the conversion was higher since higher log P values of decanoic acid and menthol contributed to the decreased polarity of the reaction mixture (Sun et al., 2013) . Log P is defined as the logarithm of the partition coefficient of a substrate in the standard 1-octanol-water two-phase system (Dutra et al., 2008) . The use of non-polar substrates for enzymatic esterification may increase conversion, by increasing log P of the reaction mixture, as determined in numerous studies (Bezbradica et al., 2007; Vermue and Tramper, 1995) . A linear correlation between log P of the reaction mixture (Table 4 ) and conversion (Table 3) was found, with a satisfactory coefficient of determination (Fig. 6) . Therefore, the mixture of decanoic acid with butanol in esterification reactions was used in further studies.
From an economic perspective, achieving high conversion utilizing a low amount of enzyme in the reaction is important. Therefore, the effect of the biocatalyst load on esterification reaction of decanoic acid with butanol, for a 24 h reaction time, was studied. At least 10% (w/v) of biocatalyst was needed to obtain a maximum conversion (100%) ( Table 5a ). The use of 5% (w/v) of biocatalyst led to 5-fold decrease in the conversion. Based on these results, a biocatalyst load of 10% (w/v) was used in further experiments. A time course profile of conversion over reaction time was performed, using 10% (w/v) of biocatalyst in the mixture of 5 mL 1:1 (molar) of decanoic acid with butanol. As presented in Table 5b , the conversion increased gradually reaching maximum conversion (100%) after 24 h reaction.
Since lyophilization of the enzyme together with salts has been shown to greatly improve the enzyme performance (Triantafyllou et al., 1997) , leading to higher conversion, thus in these esterification reactions only 5% of the biocatalyst was used and it was possible to obtain the maximum conversion (100%) with universal buffer at pH of 7 and 8 (Table 5c) . Salts may induce activation of lipase due to the polar environment constituted by the salt-bonded water surrounding the lipase, increasing enzyme flexibility (Jin et al., 2013) . Also, the buffer pH used during the lyophilization of the biocatalyst seemed important. Zaks and Klibanov (1985) observed that the catalytic activity of lipase in the organic medium very much depends on the pH from which the enzyme was precipitated, with the maximum approximately coinciding with the pH optimum of the enzymatic activity in water. This effect is due to the fact that ionogenic groups of the enzyme acquire a certain ionization state in the aqueous solution of a given pH. This ionization state (and the enzymatic activity corresponding to it) is retained in the solid state and in organic solvents (Zaks and Klibanov, 1988) .
A. ibericus lipase was able to produce butyl decanoate ester. This aroma ester has relevant interest for food industry. Butyl decanoate ester is a colorless liquid with a characteristic odour of whiskey, and can be applied to products requiring a dairy product/creamy note, with a dosage of 7-35 ppm in the finished product (Unitedint, 2016) . The optimization process led to obtain maximum conversion, using 5% (w/v) of biocatalyst lyophilized in universal buffer at pH 7 or 8 for 24 h in the esterification reaction of decanoic acid with butanol, in a solvent-free system.
Conclusion
Agro-industrial residues and its combination used for SSF by A. ibericus led to different lipase yields. Mixing PKOC with SOC is a promising strategy to obtain high lipase yields while treating wastes. Optimizing SSF conditions, a final lipase production of 460 ± 38 U/g, and maximum productivity of 3.2 ± 0.3 U/(g h) were obtained after 6 days of fermentation. Lipase produced was effective to produce butyl decanoate ester in a solvent-free system, at optimum esterification reaction conditions. The present work presents an environmental friendly strategy to naturally produce an aroma ester in a solvent-free system, with application in the food industry, while adding value to the agro-industrial residues.
